This work has demonstrated that X-ray absorption spectroscopy (XAS), both Mn XANES and EXAFS, of solutions with millimolar concentrations of metal is possible using the femtosecond X-ray pulses from XFELs. Mn XAS data were collected using two different sample delivery methods, a Rayleigh jet and a drop-on-demand setup, with varying concentrations of Mn. Here, a new method for normalization of XAS spectra based on solvent scattering that is compatible with data collection from a highly variable pulsed source is described. The measured XANES and EXAFS spectra of such dilute solution samples are in good agreement with data collected at synchrotron sources using traditional scanning protocols. The procedures described here will enable XFEL-based XAS on dilute biological samples, especially metalloproteins, with low sample consumption. Details of the experimental setup and data analysis methods used in this XANES and EXAFS study are presented. This method will also benefit XAS performed at high-repetition-rate XFELs such as the European XFEL, LCLS-II and LCLS-II-HE. research papers J. Synchrotron Rad. (2019). 26, 1716-1724 Ruchira Chatterjee et al. XANES and EXAFS of dilute solutions of transition metals 1717 research papers J. Synchrotron Rad. (2019). 26, 1716-1724 Ruchira Chatterjee et al. XANES and EXAFS of dilute solutions of transition metals 1723
Introduction
X-ray absorption spectroscopy (XAS) is a powerful tool for characterizing the local structure of materials (Rehr & Albers, 2000; Smolentsev & Soldatov, 2006; Bunker, 2010) . It has two notable advantages: the first is its applicability to gaseous, liquid or solid forms of matter regardless of whether it has long-range order or not; the second advantage is element specificity. Each element has a set of unique X-ray absorption edges, so the local structure around the target element can be analyzed by XAS measurements around its absorption-edge energy. The total absorption region includes X-ray near-edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) . EXAFS records the modulation of an X-ray absorption spectrum in the energy region from 50 eV to approximately 500 eV above the absorption edge ( Fig. 1) . From the EXAFS analysis, it is possible to extract the number, type and, especially, the distances of the atoms that surround the probed metal center with a high degree of accuracy, and it has been proven to be one of the best tools for investigating local atomic order (Bunker, 2010) . On the other hand, XANES focuses on the lower-energy region, starting from ISSN 1600-5775 # 2019 International Union of Crystallography below the edge and up to approximately 50 eV above the edge. It provides information on the symmetry and electronic structure of the absorbing atom and ligands, as well as the effective charge of the metal. Advanced fitting algorithms have made it possible to determine some structural information also from XANES spectra such as bond lengths and bond angles (Benfatto & Della Longa, 2001; Smolentsev & Soldatov, 2006; Sarangi et al., 2008; Jacquamet et al., 2009) , although this comes with the caveat that a sufficiently accurate initial structural model is an essential starting point.
Synchrotron radiation sources have been extensively used over the past several decades to collect XANES and EXAFS spectra on numerous systems in the fields of chemistry, materials science, biology and others. The more common applications have been in the use of steady-state spectroscopy, but there are also time-resolved XANES and EXAFS studies that follow phenomena in time scales of several tens of picoseconds and above Chergui, 2015 Chergui, , 2018 . However, there are only a few time-resolved studies that involve dilute solutions, especially for biological systems .
One of the challenges of conducting time-resolved experiments for biological samples at synchrotron facilities is the fast X-ray induced radiation damage at room temperature caused by the diffusion of solvated electrons and radicals. This is particularly problematic for systems containing redox-active metals, which make up a large fraction of the most interesting biological systems. Such experiments require fast sample replacement to reduce the effects of damage, thus requiring large amounts of samples preferably at high concentrations to obtain good signal-to-noise in the X-ray spectra. However, it is usually difficult to prepare concentrated proteins or other biological samples in the mM range, with large volumes in the tens of millilitres or more.
The advent of X-ray free-electron lasers (XFELs) producing ultrashort intense X-ray pulses (pulse widths < 100 fs) has enabled experiments in the sub-picosecond time-scale in an increasing number of scientific fields such as chemistry (Bressler et al., 2009) , solid-state physics (Kachel et al., 2009) and plasma physics (Levy et al., 2012; Abela et al., 2017) . The use of femtosecond X-ray pulses has made it possible to outrun radiation damage caused by diffusion processes and collect data before the sample is destroyed at room temperature . Moreover, the significantly faster time resolution and increased peak brilliance (several order of magnitude higher) per pulse compared with synchrotrons make XFELs a unique resource for timeresolved X-ray spectroscopic techniques. This makes time-resolved experiments on dilute samples such as femtosecond-scale XAS and resonant inelastic X-ray scattering (RIXS) studies at room temperature a particularly attractive class of experiments using XFELs. These experiments can be performed with reasonable data acquisition times and the latter class of experiments can only be carried out at XFELs. It should be noted that other modifying processes may happen to the samples with highly focused (extremely brilliant, nm focus) XFEL pulses, but these are not usually a problem under typical XFEL experimental conditions (down to few mm focus) (Alonso-Mori et al., 2012), especially for XAS experiments in which the insertion of a monochromator significantly reduces the X-ray flux.
At XFELs, X-ray emission spectroscopy (XES) is used more frequently than XAS . This is, in part, because SASE (self-amplified spontaneous emission) pink beam can be used for the XES data collection where the incoming energy is kept constant without monochromatizing the beam. This is also complementary with forward-scattering techniques (X-ray diffuse scattering and X-ray diffraction). On the other hand, in the case of XAS, the use of a monochromator reduces the incoming X-ray photons down to 1%, strongly limiting the photon levels for XAS. In addition, some of the challenges of XAS for dilute biological samples include the requirement of (i) running the XFELs in scanning mode over large energy ranges; (ii) normalization of data at each energy point, from a highly variable incident source and from the shot-by-shot fluctuation of the probed sample volume; and (iii) the requirement of a large amount of sample. However, as described above, there is a strong desire to conduct XAS, particularly EXAFS, at XFELs for dilute biological samples similar to the way it is used at synchrotron facilities. There are Experimental setup at the XPP station at LCLS for Mn XAS measurements using femtosecond X-ray pulses from the XFEL. (Top) Energy ranges for the XANES and EXAFS regions are illustrated and the probed transition for 3d transition metal K-edge spectroscopy is shown for Mn as an example. (Bottom) Positions of the monochromator (CCM) and the beam intensity monitor (IPM3) along the beamline, and the positions of the two detectors with respect to the interaction point are indicated. efforts in progress to make XANES and EXAFS the methods of choice for XFEL metalloenzyme studies. XANES has already been demonstrated at XFELs for metalloproteins like cytochrome c and myoglobin (Levantino et al., 2015; Mara et al., 2017; Miller et al., 2017) , showing protein conformational changes. All these studies were performed using a Rayleigh jet for sample delivery. In this study, we address each of the above three issues and show that one can obtain both XANES and EXAFS spectra from dilute solution samples using two sample delivery systems, the Rayleigh jet and drop-on-demand setup.
Methods
X-ray absorption (XANES and EXAFS) measurements at the Mn K-edge were performed at the X-ray pump and probe (XPP) endstation of the Linac Coherent Light Source (LCLS) . The X-ray beam had a pulse length of $40 fs and a pulse energy of 2.4-3.1 mJ before the monochromator, corresponding to 2 Â 10 12 to 3 Â 10 12 photons per pulse, at a repetition rate of 120 Hz. The sample was a solution of 10 mM and 50 mM manganese chloride hexahydrate (MnCl 2 Á6H 2 O) (Sigma-Aldrich) in deionized water.
The Si(111) channel-cut monochromator (CCM) of XPP with a resolution of 1.4 Â 10 À4 ÁE/E was used to monochromatize the incoming X-ray pulses, yielding about 1% of the SASE photons ($3 Â 10 10 photons per pulse) in the monochromatic beam. By changing the CCM, the X-ray energy at the XFEL was scanned in a stepwise manner. To assure roughly equal photon numbers at each energy point over the scan range, the monochromator energy setting was followed by the machine configuration. This involved automatic tuning of the central energy of the LCLS electron beam to the current CCM setting. To achieve similar focusing quality over the entire range from 6530 eV to 6800 eV, a set of three compound beryllium refractive lenses (thicknesses of 100 mm, 200 mm and 500 mm) was used and automatically translated longitudinally along with the energy during the energy scan to keep the focus spot size constant at around 5 mm full width at half-maximum (FWHM) while changing the energy. Beam intensity was recorded for each shot after the monochromator using one of the XPP I 0 intensity position monitors (IPM3) that measures the intensity of X-rays scattered from a thin foil inserted into the beam. The scan protocol for the spectra measured on the Rayleigh jet used a step size of 1 eV in the range from 6530 eV to 6540 eV and a step size of 0.5 eV from 6540.5 eV to 6579 eV with an exposure time for 240 shots (2 s) at each energy position. For the EXAFS region from 6579 eV up to 6800 eV, the step size was increased gradually from 0.6 eV to 3 eV. The exposure times were increased with higher energies; 2 s for 6579 eV to 6702 eV, 4 s for 6705 eV to 6766 eV and 6 s for 6769 eV to 6800 eV. The energy ramp procedure employed required 4 s for establishing each new energy position, leading to a total measurement time of at least 6 s for each energy point. For the XANES scans on the single droplets using the drop-on-demand setup, a step size of 1 eV was used for the ranges 6535 eV to 6545 eV and 6559 eV to 6570 eV and a step size of 0.5 eV for the range from 6545 eV to 6559 eV with an exposure time of 8 s (= 960 shots) per energy point.
Mn XAS spectra were recorded as fluorescence excitation spectra using an ePix-100 detector with 768 pixels Â 704 pixels (Blaj et al., 2015) mounted facing the interaction region at an angle of 90 with respect to the beam to minimize the amount of elastic scattering (Fig. 1) . The distance between the interaction region and the detector surface was $15 mm. The detector active area is about 38 mm Â 35 mm, covering a solid angle of $0.14 sterad. A chromium foil was placed in front of half of the detector, yielding a solid angle of 0.07 sterad for each of the filtered and unfiltered fluorescence data collection. The water scattering intensity was collected in the forwardscattering geometry using a CSPAD 140k 2D pixel array detector (388 pixels Â 370 pixels; Herrmann et al., 2013; Blaj et al., 2015) placed $20 mm off center at ca. 130 mm downstream of the X-ray intersection point with the sample (Fig. 1 ). This scattering signal was used for normalization (see Fig. 4 ), which will be shown to be vital if the sample path length varies on a shot-by-shot basis.
The solution sample was delivered by two different methods: for liquid jet delivery, a capillary with an inner diameter of 500 mm was used and the samples were pumped through the capillary at a flow rate of 15 ml min À1 using an HPLC pump. After the interaction point, the solution was caught by a catcher and recirculated. For drop-on-demand sample delivery, the 'drop on tape' (DOT) with acoustic droplet ejection setup previously described (Fuller et al., 2017) was used with a droplet diameter of $200 mm at a flow rate of 40 mL min À1 and a drop deposition frequency of 120 Hz in sync with the LCLS. Both setups were mounted inside a helium enclosure installed at the XPP endstation, having the entire beam path upstream of the sample as well as the signal path between the interaction point and the fluorescence detector under a helium atmosphere. The time required for the XAS measurements using the two methods are discussed in a later section (see also Table 1 ).
Data reduction of XAS spectra was performed using SamView (SixPack software, available at http://www.samsxrays.com/sixpack). The program Athena of the Demeter software package (Ravel & Newville, 2005 ) was used to align XAS data and subtract the pre-edge and post-edge backgrounds. The spectra were then normalized to the edge jump. A five-domain cubic spline was used to remove the lowfrequency background in k-space and the resulting k-space data, k 3 (k), was then Fourier transformed (FT) into r-space.
XAS from synchrotron
Mn K-edge X-ray absorption data were collected using beamline 7-3 at Stanford Synchrotron Radiation Laboratory (SSRL), operating with standard ring conditions of 3.0 GeV energy and 500 mA current. The intensities of incident and transmitted X-rays were monitored with N 2 -filled ion chambers before (I 0 ) and after the sample (I 1 and I 2 ), respectively.
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A solution sample of 50 mM MnCl 2 in 50% glycerol (w/v) was loaded in 40 ml plexiglass sample holders having a Mylar tape window on one side, and frozen immediately in liquid nitrogen. XAS data of samples were collected as fluorescence excitation spectra using a 30-element Ge solid-state detector (Canberra). The monochromator energy was calibrated with the pre-edge peak of KMnO 4 (6543.3 eV). To control and minimize the X-ray damage, data were collected at 10 K using a liquid-He flow cryostat (Oxford Instruments).
Results

XAS data collection at LCLS
The most common way to perform XAS experiments is to select the incoming radiation wavelength using a crystal monochromator and scan the wavelength. At XFELs, the typical SASE bandwidth is 30-40 eV at 6600 eV, with significant intensity and wavelength fluctuations on a shot-by-shot basis. Therefore, each energy point (after monochromatization) of the XAS spectrum is obtained by averaging over a number of shots to achieve a reasonable signal-to-noise ratio. Seeded beam has been demonstrated in both hard X-ray (Amann et al., 2012) and soft X-ray operation (Ratner et al., 2015) at LCLS and it has been applied for XAS measurements without a monochromator in the soft X-ray region (Kroll et al., 2016) . Although the band width for hard X-rays (0.4-1 eV) of the seeded beam would potentially be useable for XAS scans, it is predominantly used with the low charge operation mode at LCLS in the hard X-ray regime, thus giving a smaller total number of photons (Amann et al., 2012) . Therefore, the expected gain in photon numbers when using the monochromator in combination with seeded beam instead of an SASE beam is only modest, and it is often offset by the additional time requirements for machine tuning. For these reasons, we opted to use a monochromator and adjusted the central energy of the electron beam during the energy scan to keep the center of the SASE bandwidth at the energy given by the current monochromator setting. In addition, the scan script included an adjustment of the position of the focusing lenses to ensure a uniform focus spot size over the entire XANES and EXAFS scan ranges employed here. Fig. 2(a) shows the EXAFS of 50 mM MnCl 2 solution, collected by monitoring the changes in the fluorescence signal as a function of incident X-ray energy. The sample was flowed using an HPLC pump through a 500 mm-diameter cylindrical (a) XAS data collected for each shot (dots) normalized to the incoming X-ray (I 0 ) from IPM3 (scatter plot) where pre-edge and edge regions, from 6530 eV to 6621.5 eV, are shown in blue and the shape resonance, from 6623 eV to 6798.3 eV, is shown in orange. The red line is the mean of the data for each energy point. (b) Incoming X-ray (I 0 ) intensity measured at IPM3 after the monochromator as a function of the X-ray energy. By adjusting the central energy of the FEL during the energy scan, the beam intensity after the monochromator was kept roughly constant. 3 ml † At the edge jump for 10 mM Mn solution. ‡ The data collection time and total sample volume required to reach 1 000 000 counts for the edge jump for 10 mM Mn concentration using a 5 mm-diameter beam size; energy range calculated for EXAFS: 6530-6800 eV; number of points: 202. § The frequency expected for the hard X-rays at LCLS-II-HE. } Flow rate for DOT at 360 Hz: 120 ml min À1 . † † Flow rate: 40-50 ml min À1 ; path length: 4 mm; pulse power: 0.5 mJ (Grü nbein et al., 2018; Wiedorn et al., 2018) . Due to the shorter path length, the estimated time for the measurement is longer than the Rayleigh jet. ‡ ‡ Effective number of X-ray shots per second at the EuXFEL (2700 shots per pulse train, 10 pulse trains per second) where the signal will be averaged over the number of shots. liquid jet oriented perpendicular with respect to the incoming X-ray beam. We observed that the incoming X-ray intensity (I 0 ) measured with the intensity position monitor after the monochromator (IPM3) is relatively stable with respect to the change in X-ray energy by moving the CCM [Fig. 2(b) ].
The XAS spectrum was collected in fluorescence mode. Each image was pre-processed by subtracting a previously collected background using a dark run. For each shot, each pixel of the background-subtracted image was clipped by a threshold value such that the zero-photon peak in the image histogram was removed. Finally, the signal on the pixels in the region of interest was summed to give the integrated signal. The integrated counts for each shot are divided by the value recorded by IPM3 for each shot and are grouped according to the monochromator scan position [ Fig. 2(a) , scatter plot]. The IPM3 values were filtered to select the central 90% of values, similar to the outlier rejection previously applied in other studies . The remaining values are averaged within the group to produce a mean value [ Fig. 2(a) , red line], representing the final I 0 normalized XAS data.
This approach is similar to that described previously for data collection using a liquid jet (e.g. Lemke et al., 2013; Shelby et al., 2016; Mara et al., 2017) . We note that this normalization procedure requires a stable running jet, and often samples might not be available in sufficient quantities for operation of a Rayleigh jet. Sample consumption can be minimized by the use of an electrospinning jet , but these jets only offer a very short path length of <10 mm, limiting the sample volume that can be probed per shot. Also, electrospinning jets require additives like glycerol that may not be compatible with all types of samples. An alternative approach is to use a drop-on-demand system where drops of the desired diameter are brought into the X-ray interaction point at the right time for each individual X-ray shot but no sample is running at the time between X-ray shots. Thus a large X-ray pathlength (200-300 mm) close to the attenuation length of the solvent (540 mm for water at 6600 eV) can be achieved, while requiring only modest sample volumes and being compatible with a wide range of buffer conditions. The drawback of such an approach is that the droplet position varies slightly from shot to shot, leading to variations in the volume probed by each X-ray shot and requiring a robust normalization procedure that takes this into account. Later in the paper, we will discuss the application of such a drop-on-demand setup for XAS in the section describing the normalization procedures.
Effect of filters
Although the ePix detector provides some energy resolution, it is not sufficient to distinguish scattered photons at the incoming energy reliably from the signal fluorescence photons. For the XAS data collection of dilute samples at synchrotron facilities, thin Z À 1 filters are often used for reducing scattering signals reaching the fluorescence detector. We have tested this effect by covering one half of the ePix detector with a 10 mm chromium foil using the liquid jet setup. This setup allows collection of Mn EXAFS data with and without a filter simultaneously from the same samples (Fig. 3) . Although a small reduction in noise levels is visible in the pre-edge region due to the filter and the calculated signal-to-noise ratio for the edge jump is higher when using a filter, no significant positive effects of the filter on the quality of the spectra were observed under the conditions of the present experimental setup (Fig. 3) . This implies that the scatter is not significant and also most of the scatter is from the sample, and there is little scattering from other scattering sources in this configuration because of the small beam size ($5 mm diameter) compared with the diameter of the jet ($500 mm).
XAS normalization
For the XAS data collection, accurate measurement of the absorption coefficient changes as a function of the excitation energy is critical. In particular, weak EXAFS oscillations of dilute protein samples that are typically less than 10% of the K-edge jump need to be accurately captured over a $500 eV scan range. At XFELs, one needs to consider two types of fluctuation that do not exist in synchrotron-based data collection. The first is the shot-by-shot pulse intensity fluctuation of the SASE beam that can be up to 100%. The second is a shot-by-shot change of the probed sample. The shot-byshot sample replacement requires liquid jets, rastering of a solid target or drop-on-demand sample delivery methods. For the highly stable Rayleigh jet with a fast flow rate (15 ml min À1 ), as used in the collection of the data presented in Fig. 3 , normalization by the incoming beam intensity measured by the IPM3 I 0 monitor was sufficient. To allow data collection using other sample delivery methods that are more Raw data, without normalization protocols applied, for the EXAFS spectrum collected using a jet with (blue) and without (red) a Cr filter. The spectra are normalized to the edge height and the 'No filter' spectrum is vertically offset. The numbers of shots used for different energy ranges are as follows: (i) 2400 shots for 6530-6540 eV (2 s Â 120 s À1 Â 10 energy points, step size 1eV), (ii) 18 480 shots for 6540.5-6579eV (2 s Â 120 s À1 Â 77 energy points, step size 0.5eV), (iii) 18 720 shots for 6579-6702 eV (2 s Â 120 s À1 Â 78 energy points, step size 1.5 eV), (iv) 12 000 shots for 6705-6766 eV (4 s Â 120 s À1 Â 25 energy points, step size 2.4 eV) and (v) 8640 shots for 6769-6800 eV (6 s Â 120 s À1 Â 12 energy points, step size 3 eV). prone to fluctuations in sample volume in the interaction region, it is beneficial to establish a normalization method that accounts for the fluctuation of the probed volume in addition to the I 0 fluctuation.
In Fig. 4 , we show the effect of two normalization methods, one using I 0 (incoming X-ray intensity) and the other using the solvent scattering collected on a downstream detector simultaneously with the fluorescence signal. The measurements were conducted using a 50 mM MnCl 2 solution in a Rayleigh jet (500 mm). The use of solvent scattering for normalization has the advantage that it accounts for both the X-ray pulse energy fluctuations as well as fluctuations of the probed sample volume. Fig. 4(a) shows the forward-scattering image on the downstream off-axis CSPAD detector that includes the solvent scattering ('water ring'). The solvent scattering signal is isotropic and generates a broad ring-like feature. The strength of the solvent scattering is determined by radially integrating the counts over the q-range of the water scattering maximum indicated by the white dotted lines in Fig. 4(a) and then averaging over all shots for each energy point. These counts are used to normalize the XAS signal. Fig. 4(c) shows the EXAFS spectra of the MnCl 2 solution with normalization by I 0 or by the water scattering intensity. Both normalization methods give similar k 3 -weighted EXAFS and FT spectra [Figs. 4(b) , 4(d) and 4(e)], but the signal-to-noise level is better with the water scattering normalization. Overall, the EXAFS spectra taken at the XFEL match well with the synchrotron cryogenic data (a) Water scatter ring from the jet marked in white collected on a downstream CSPAD used for normalization. (b) k 3 -Weighted Mn EXAFS spectra of 50 mM MnCl 2 collected at the synchrotron at cryogenic temperature (blue) and using a jet without a Cr filter normalized using incoming X-rays (I 0 ) (black) and water scattering intensity (red) at the XFEL. (c) Mn EXAFS spectrum collected using a jet without a Cr filter normalized using incoming X-rays (I 0 ) (black) and water scattering intensity (red), and their (d) k 3 -weighted EXAFS and (e) FT EXAFS spectra. ( f ) Mn EXAFS spectrum collected at the synchrotron at cryogenic temperature (blue) and room temperature with a jet normalized using incoming X-rays (I 0 ) (black, without Cr filter) at LCLS, and their (g) k 3 -weighted EXAFS and (h) FT EXAFS spectra.
XAS using different sample delivery methods
A real challenge for the XAS data collection of many biological systems is the need to minimize the required sample volume for data collection, while the Rayleigh jet employed provides a constant probing volume of a path length of 500 mm with a 100% hit rate. Most proteins cannot be obtained in the quantity required for this sample delivery method. In many cases, the reactions of interest in proteins are not easily reversible, and therefore the sample often cannot be brought back to the initial chemical state after triggering the reaction. Hence, recirculation of such samples is not feasible, precluding the use of fast-flowing liquid jets. In order to probe changes in chemical states of such biological samples in time-resolved room-temperature experiments at XFELs, other sample delivery approaches have to be utilized. Recently, we have demonstrated that by using the DOT setup with a path length of $200 mm we can follow changes in the chemical states triggered by illumination or gas activation with efficient sample consumption through its application to crystallography and XES methods (Fuller et al., 2017) . In the current study, we used the DOT setup for XAS data collection of an MnCl 2 (10 mM) solution sample to optimize the normalization methods that can be used effectively for dilute biological samples. To take into account the significant changes in both the I 0 and the probed volume due to slightly different positioning of the drop on the tape, the method of normalizing the Mn fluorescence signal using water scattering intensity is critical, particularly for measuring dilute samples. The normalized data using both incoming X-ray (I 0 ) and the water scatter ring intensity of the Mn XANES spectrum for the DOT setup is shown in Fig. 5 . The details of the normalization procedure are the same as described in the previous section. The normalization by the water scattering signal produced better (less noisy) results as shown in Fig. 5(b) ; thus, this method becomes highly important when the probed sample volume changes on a shot-by-shot basis. The total sample volume used to obtain the spectrum in Fig. 5(b) was 280 ml with a data collection time of $7 min. This contrasts with a consumption of 75 ml that would be necessary to obtain a similar spectrum using a Rayleigh jet due to the unprobed (dead) volume. It should be noted that this comparison is not taking into account the possibility to recirculate the sample as such option might not be feasible in many cases.
Conclusions and future directions
We have demonstrated an XAS (XANES + EXAFS) data collection protocol that is suitable at XFEL sources using MnCl 2 solution samples at a 50 mM concentration delivered by a Rayleigh jet and 10 mM concentration delivered using a drop-on-demand setup. The normalization method for the XAS data that uses the water scattering signal described here can be used for dilute systems, compensating for shot-by-shot fluctuations in beam intensity as well as in probed sample volume. In this study we collected EXAFS data up to 300 eV but it is straightforward to extend the scanning range to above 500 eV as required for higher resolved EXAFS (covering kspace out to 12 Å À1 ). The only modification required is that an additional set of focusing lenses needs to be employed, so that a constant focus size can be maintained over the entire scan range. Thus, this experiment lays the foundations for future XAS measurements for dilute proteins at XFELs. In addition to EXAFS, the approach described here will be critical for performing time-consuming RIXS measurements at XFELs that share the same issue of normalizing the data by energy points. From our studies, we estimate at the current LCLS repetition rate of 120 Hz, one can collect a XANES spectrum (a) Water scatter ring marked in white collected on a downstream CSPAD used for normalization. (b) Mn XANES spectrum of a 10 mM MnCl 2 solution collected using the DOT setup normalized in two different ways, using either the I 0 reading after the monochromator ('IPM3', black), or the integrated scattering intensity in the water ring region on the forward-scattering detector ('Water ring', red). The plots are normalized to 1 and with an offset of 0.2 along the vertical axis. For XANES scans on the single droplets using the DOT setup, the numbers of shots used for different energy ranges are as follows: (i) 9600 shots (8 s Â 120 s À1 Â 10 energy points, step size 1 eV) for 6535-6545 eV, (ii) 26 880 shots (8 s Â 120 s À1 Â 28 energy points, step size 0.5 eV) for 6545-6559 eV and (iii) 10 560 shots (8 s Â 120 s À1 Â 11 energy points, step size 1 eV) for 6559-6570 eV. in 1-2 h for biological samples with a $1 mM metal concentration using the DOT setup and EXAFS spectra of $1 mM metal concentration using a Rayleigh jet in $6 h. The data collection time and the sample consumption estimated from the current study are summarized in Table 1 . The method of choice will depend on whether the experiment is limited by available sample quantity or data collection time. Experiments will also benefit by the next generation of XFELs, that will feature significantly higher repetition rates like the European XFEL (27 kHz), which recently started user operation (Tschentscher et al., 2017; Grü nbein et al., 2018; Wiedorn et al., 2018) , LCLS-II (1 MHz) and LCLS-II-HE (360 Hz).
